Lower pH is a well-replicated finding in the postmortem brains of patients with schizophrenia and 38 bipolar disorder. Interpretation of the data, however, is controversial as to whether this finding 39 reflects a primary feature of the diseases or is a result of confounding factors such as medication, 40 postmortem interval, and agonal state. To date, systematic investigation of brain pH has not been 41 undertaken using animal models, which can be studied without confounds inherent in human studies. 42
Introduction
In the present study, we first confirmed that patients with schizophrenia and bipolar disorder exhibit 79 lower postmortem brain pH by conducting a meta-analysis of publicly available datasets. We then 80 measured brain pH in multiple mouse models of psychiatric disorders, which are devoid of such 81 confounding factors, in order to test the hypothesis that lower brain pH is a pathophysiology or an 82 endophenotype rather than an artifact in a subgroup of psychiatric disorders. We also measured 83 lactate levels, increases in which have frequently been linked to lower pH in the brains of patients 84 with psychiatric disorders 11, 13, 29 . To our knowledge, the present study is the first to systematically 85 evaluate pH and lactate levels in mouse models of psychiatric disorders which eliminate the 86 confounds inherent in the human studies. 87
88
For the mouse models of psychiatric disorders, we focused on the ones reported to have 89 neurodevelopmental abnormalities in the brain, a part of which stay at pseudo-immature status [30] [31] [32] [33] . 90
Specifically, we measured pH, lactate, and related metabolite levels in the postmortem brains of the 91 following mouse models: schnurri-2 (Shn2) knockout (KO) mice 34 , forebrain-specific calcineurin 92 (Cn) KO mice [35] [36] [37] [38] and neurogranin (Nrgn) KO mice 39-41 as a model of schizophrenia; mice with 93 heterozygous knockout of the calcium/calmodulin-dependent protein kinase II alpha (Camk2a HKO 94 mice) 42,43 as a model of bipolar disorder;, and mice with heterozygous knockout of the long isoform 95 of chromodomain helicase DNA-binding protein 8 (Chd8 HKO mice) 33 as a model of ASD. 96
These mouse strains have mutations in the genes implicated in the respective disorders and exhibit 97 molecular and behavioral abnormalities relevant to each condition, indicating good construct and downstream of N-methyl-d-aspartic acid (NMDA) receptors, and is implicated in synaptic 142 plasticity 39 . GWAS revealed significant association with SNPs located upstream of the NRGN 49 , a 143 finding recently confirmed by a large-scale GWAS 56 , strongly suggesting that NRGN is a 144 susceptibility gene for schizophrenia. Nrgn KO mice exhibit behavioral phenotypes related to 145
Camk2 is a major downstream molecule of the NMDA receptor and is thought to play an essential 148 role in synaptic plasticity. A recent study demonstrated genetic association of CAMK2A with 149 bipolar disorder 57 , and decreased mRNA expression has been observed in the frontal cortex of 150 patients with bipolar disorder 58 . In addition, the Camk2a gene was identified as one of the top 151 candidate genes for bipolar disorder by a meta-analysis that integrated genetic and genomic data 152 from both human and animal studies 59 . At cellular level, neuronal hyperexcitability, which we 153 previously detected in the hippocampal granule cells of Camk2a HKO mice 42 , was also found in the 154 granule cell-like neurons differentiated from induced pluripotent stem cells (iPSCs) derived from 155 patients with bipolar disorder 60 . Camk2a HKO mice exhibit abnormal behaviors, such as deficits in 156 social activity and working memory, which are analogous to those in patients with bipolar a chromatin-remodeling factor. Recent exome sequencing analyses have identified a number of de 164 novo mutations in a variety of genes in individuals with ASD, further revealing that CHD8 is the 165 most frequently affected gene 61-64 . Chd8 HKO mice exhibit behavioral abnormalities reminiscent of 166 ASD in humans, including increased anxiety, increased persistence and abnormal social 167 interaction 33 . Chd8 deficiency induces aberrant activation of RE1 silencing transcription factor 168 (REST), a molecular brake of neuronal development, resulting in neurodevelopment abnormalities 169 in mice 33 . 170
171
Collectively, these findings indicate that the mouse models used in the present study exhibit good 172 construct and face validities for their respective disorders. 173 174
Measurement of pH 175
Mice were sacrificed by cervical dislocation followed by decapitation, following which whole 176 brains were removed. The brains were immediately frozen in liquid nitrogen and stored at -80°C 177 until use. We measured brain pH basically as previously described 11 . Briefly, the brains were 178 homogenized using the tissue homogenizer attached with a conical pestle in ice-cold distilled H 2 O 179 (5 mL per 500 mg of tissue). The pH was measured using a pH meter (LAQUA F-72, Horiba 180 Scientific, Kyoto, Japan) after a three-point calibration at pH 4.0, pH 7.0 and pH 9.0. The pH of the 181 samples from control and mutant mice were read in triplicate for each sample. After pH measurement, homogenates were immediately frozen and stored at -80°C until required for further 183 analyses. 184 185
Lactate and glucose measurements 186
The concentration of lactate in the brain homogenates was determined using a multi-assay analyzer 187 (GM7 MicroStat; Analox Instruments, London, UK) according to manufacturer's instructions. In 188 our prior tests using several samples, we loaded 5 µl, 10 µl and 20 µl of supernatants to the 189 instrument, observing that the measurements increased linearly in a volume-dependent manner (r 2 > 190 0.99). Based on these results, we used 20 µl of supernatants for each sample for lactate 191 measurements. Likewise, glucose concentrations in 20 µl supernatant samples were determined 192 using a multi-assay analyzer following calibration with 10 mmol/ml glucose standard solution. To 193 normalize the effects of differences among strains, such as genetic background and age, z-scores for 194 pH and lactate levels were calculated within each strain and used for the correlation analysis. 
Bioinformatics analysis of transcriptome data 206
We used the following mouse brain transcriptome data: frontal cortex and hippocampal dentate 207 gyrus of Shn2 KO mice (microarray) 34 , hippocampal dentate gyrus of Camk2a HKO mice 208 Genes with an absolute fold change > 1.2 and a t-test P-value < 0.05 (mutants vs. controls; without 215 correction for multiple testing) were imported into the bioinformatics tool BaseSpace (Illumina), 216 with which the gene expression data obtained from different platforms can be matched. Genes with 217 altered expression in at least four out of the eight datasets (yielding 80 features; Supplementary 218
Table 2) were selected based on the criteria of the BaseSpace tool and assessed for enrichment in 219 biological themes using the DAVID functional annotation clustering tool, ADGO, and GOToolBox, 220 in which the default feature listings and algorithm settings were used. 221 well as from healthy control participants ( Supplementary Table 1 ). A two-way analysis of variance 230 (ANOVA) revealed a significant effect of condition (F 2,645 = 3.35, P = 3.09 × 10 -10 ) and study (F 8,645 231 = 10.00, P = 2.00 × 10 -16 ) as well as between the two factors (F 11,645 = 47.66, P = 0.043) ( Figure 1) . 232
Post hoc comparisons with Tukey's honest significant difference test indicated a lower brain pH in 233 both patients with schizophrenia (P < 1.0 × 10 -7 ) and bipolar disorder (P = 0.00036) compared to 234 healthy controls, and no significant difference between the two conditions (P = 0.56). The results of 235 our meta-analysis therefore support the finding of lower brain pH in patients with schizophrenia and 236 bipolar disorder. The confounding factors identified in previous studies 11,26 are beyond investigator's control in 253 human postmortem brain studies. We therefore measured pH and lactate levels in the brains of 254 mouse models of schizophrenia (Shn2 KO, Cn KO, Nrgn KO mice), bipolar disorder (Camk2a 255 HKO mice), and ASD (Chd8 HKO mice). All the mice used were drug-naïve and sacrificed by 256 cervical dislocation (controling for agonal state differences). The removed brains were snap-frozen 257 within a few minutes (controling for postmortem interval differences). Brain pH was significantly 258 lower in all five mutant strains examined relative to the corresponding controls (Shn2 KO, 7.17 ± 259 0.0060, controls [Con], 7.20 ± 0.056, P = 0.0083; Cn KO, 7.08 ± 0.0057, Con, 7.13 ± 0.0080, P = 260 0.0014; Nrgn KO, 7.10 ± 0.017, Con, 7.16 ± 0.0080, P = 0.0090; Camk2a HKO, 7.14 ± 0.0093, 261 Con, 7.21 ± 0.0090, P = 0.0014; Chd8 HKO, 7.08 ± 0.0066, Con, 7.12 ± 0.0031, P = 0.00080) 262 (Figure 2a ). 263
264
Significantly higher levels of lactate were observed in the postmortem brains of all mutant mice 265 strains compared to corresponding controls (Shn2 KO, 2.98 ± 0.080 mM, Con, 2.55 ± 0.076 mM, P Analysis of the combined data expressed as the z-score revealed that pH was significantly 270 negatively correlated with lactate levels (Pearson's r = -0.65, P = 1.19 × 10 -7 ; Figure 2c ). 271
272
Lactate is formed from pyruvate during glycolysis. We therefore measured pyruvate levels in 273 mutant mouse brains and observed that levels were significantly increased in Shn2 KO (P = 0.011), 274
Cn KO (P = 0.046), Nrgn KO (P = 0.011) and Chd8 HKO mice (P = 0.0036) and showed increased 275 tendency in Camk2a HKO mice (P = 0.068) (Figure 2d ). Glucose levels remained unchanged in 276 mutant mice relative to controls (Figure 2e ), suggesting glucose supply/demand ratio in the brain 277 may be comparable in these mouse models. The ADP/ATP ratio was decreased in Nrgn KO mice (P 278 = 0.035) and increased in Chd8 HKO mice (P = 0.047) (Figure 2f ), suggesting a contrasting energy 279 consumption ratio in mouse models of schizophrenia and ASD. 280
281
We then analyzed transcriptome data ( Supplementary Table 2 ) in order to investigate the potential 282 underlying molecular mechanisms of increased lactate levels in mutant mouse brains. The 283 transcriptome data from five mouse strains revealed an enrichment in Wnt-and epidermal growth 284 factor (EGF)-related pathways when analyzed with DAVID software ( Supplementary Table 3 ). 285
Enrichment in Wnt-related pathways was replicated in the analyses using other bioinformatics tools
Since lactate is produced via glycolytic pathways in astrocytes in the brain 66 , we analyzed the 289 transcriptome data of mutant mice with particular focus on glycolysis-related genes (Gene Ontology 290
Consortium database), as well as those related to pyruvate metabolism. The results of the targeted 291 gene expression analyses suggest that elevated glycolysis and pyruvate metabolism shifting toward 292 lactate synthesis occurs in the brains of mutant mice, especially in Shn2 KO and Camk2a HKO 293 mice ( Supplementary Table 4 ; Supplementary Figure 2) . 294
295
Discussion 296
In the present study, we confirmed lower pH in the postmortem brains of patients with 297 schizophrenia and bipolar disorder by conducting a meta-analysis of existing datasets. Lower pH 298 was also observed in five different mouse models of psychiatric disorders, all of which were 299 drug-naïve and were controlled for other confounding factors, such as agonal state and postmortem 300 interval. We also observed increased lactate levels in the brains of mutant mice, as well as a highly 301 significant negative correlation between pH and lactate levels, which is consistent with the findings 302 of previous human postmortem studies 11 . These results suggest that lower pH and increased lactate 303 levels represent components of the underlying pathophysiology of the diseases rather than mere 304 artifacts. 305
including the electrophysiological functioning of GABAergic neurons 68 and morphological 309
properties of oligodendrocytes 69 . Alterations in these types of cells have been well-documented in 310 the brains of patients with schizophrenia, bipolar disorder, and ASD 70,71 and may underlie some of 311 the cognitive deficits associated with these disorders. Deficits in GABAergic neurons and 312 oligodendrocytes have been identified in the mouse models of the disorders, including Shn2 KO 313 mice 30,34 . Brain acidosis may therefore be associated with deficits in such cell types in 314 schizophrenia, bipolar disorder, and ASD. 315 316 A previous study indicated that chronic treatment with antipsychotics increases lactate levels in the 317 rat cerebral cortex 11 , suggesting that such increases may be medication-related. The authors of the 318 report, however, found no significant correlation between lactate levels and history of antipsychotic 319 use (which was represented by chlorpromazine equivalents) in the postmortem brains of patients 320 with schizophrenia 11 . In addition, increased lactate levels have been observed in the anterior 321 cingulate of medication-free patients with bipolar disorder in in vivo spectroscopic imaging 322 studies 72 . Furthermore, studies utilizing animal models of psychiatric disorders-including the 323 current study-have identified increased lactate levels in mutant mouse brains 73 . In addition, 324 increased lactate levels were associated with lower pH in the brains of mutant mice, consistent with 325 findings from previous studies on patients with schizophrenia 11,13 . Lower brain pH has also been 326 observed in the medication-free patients with bipolar disorder 28 . Although it remains possible that 327 antipsychotic treatment increases lactate levels and lowers pH in the brain, the aforementioned 328
findings suggest that such changes may occur as primary features of schizophrenia and bipolar disorder.
somatic and brain cancers 74 , are enriched in the genes whose expressions were altered among the 333 five mutant mouse strains. It is known that cancer cells display high rates of glycolysis, resulting in 334 high lactate and pyruvate levels, even in normoxia 75 ; this phenomenon has been referred to as the 335 Warburg effect. Genes whose expression is known to positively regulate the Warburg effect, such 336
as Hk2 76 , Hif1a 75 , and Pfkfb3, 77 were increased in the brains of any of mouse models examined in 337 the present study, while expression of Prkaa1, a negative regulator of the Warburg effect 78 , was 338 decreased ( Supplementary Table 2 ). These findings raise the possibility that elevated glycolysis 339 underlies the increased lactate and pyruvate levels in the brains of the mouse models of 340 schizophrenia, bipolar disorder, and ASD. The results of the targeted gene expression analyses 341 conducted in the present study also support the hypothesis. Glycolysis is also stimulated by the 342 uptake of glutamate in astrocytes following neuronal excitation 79 . Dysregulation of the 343 excitation-inhibition balance has been proposed as a candidate cause of schizophrenia, bipolar 344 disorder, and ASD 80,81 . A shift in the balance towards excitation would result in increased energy 345 expenditure and may lead to increased glycolysis. Indeed, Shn2 KO mice exhibit higher glutamate 346 levels in the hippocampus 34 . In vivo metabolite measurements have indicated that increased 347 glycolysis occurs in the brains of patients with bipolar disorder 29,72 , while gene ontology analysis of 348 microarray data has indicated that decreased glycolysis occurs in the brains of patients with 349 schizophrenia 13 . Further studies are required to determine whether altered glycolysis rate is associated with increased lactate levels. 351
352
It has been indicted that lactate levels in the mouse brain rapidly increase after at least 1 min of 353 decapitation as compared to in vivo fixation by focused microwave irradiation, which is regarded as 354 a consequence of enhanced glycolysis under oxygen-deprived conditions 82 . While the current 355 findings may differ from those obtained under physiological conditions, they may reflect functional 356 changes, such as the activation of astrocytes 34, 40 , which represent the main source of lactate 357 production in the brain. 358
359
Brain pH is associated with notable changes in gene expression 16, 26, 45, 83 and has hence been 360 considered as a confound for investigating changes in gene expression related to the 361 pathophysiology of psychiatric disorders. Therefore, substantial effort has been made to match the 362 tissue pH between patients and controls. Given that lower brain pH is a pathophysiology of certain 363 conditions, pH-dependent changes in gene expression would not be negligible when attempting to 364 elucidate the molecular basis of the conditions. It has been known that gene expression patterns are 365 partially similar across diseases such as schizophrenia, bipolar disorder, and ASD 7,8 . Lower pH may 366 underlie the similarities of gene expression patterns. Thus, pH may be an important factor in the 367 elucidation of molecular alternations in the brains of patients with these psychiatric conditions. 368 
